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ABSTRACT
Several cases of western North Pacific tropical cyclogenesis from the
1991 season are studied, with special emphasis on the antecedent
conditions in the upper troposphere. Specifically, I test the hypothesis that
tropical cyclogenesis takes place through an interaction between a
pre-existing lower-tropospheric disturbance (ITCZ or easterly wave
disturbance) and an independent upper-level trough. The upper-level
trough provides a source of upper-tropospheric lifting via differential
potential vorticity advection which may aid in the genesis process.
In this study, locations of pre-cyclone disturbances are obtained from
JTWC best-track information. A measure of potential vorticity advection
by the upper-tropospheric shear or the "forcing" of ascent is then
calculated from NMC gridded analyses. It is found that the majority of
tropical cyclones studied are subjected to periods of positive forcing during
their pre-genesis stages. In addition, positive forcing is implicated in the
generation of the pre-cyclone disturbances for the majority of cases. The
findings support the notion of tropical cyclogenesis as an externally
triggered phenomenon.
Thesis Supervisor: Kerry A. Emanuel
Title: Professor of Meteorology
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1. Introduction
Tropical cyclones are awesome, and potentially devastating storms.
They can form quite suddenly, with disasterous consequences for mariners
and coastal or island communities caught unaware. Thus it is not only of
scientific interest, but also of great practical importance to better
understand the birth or genesis of these storms, so that their formation
can be predicted. Current practice is more of a careful monitoring of cloud
clusters for signs of development into tropical cyclones, rather than an
objective forecasting of such development.
The scale of the tropical cyclone and of pre-cyclone disturbances is on
the order of hundreds of kilometers, which is not resolved by the standard
observing network over the tropical oceans. However, it is possible to
view characteristics of the larger scale environment within which these
disturbances are embedded. One hypothesis which can be tested is that
tropical cyclogenesis occurs when a pre-existing lower-tropospheric
disturbance comes under the influence of positive potential vorticity
advection from an independent upper-tropospheric anomaly brought into
proximity by the relative mean flow.
In this study, NMC global analyses, received on 2.5 x 2.5 degree
hemispheric grids, are used to examine all of the cases of genesis found to
occur in the western North Pacific region between July 1st and September
6th of the 1991 season. Attention is given to the evolution of the
large-scale environment surrounding the pre-cyclone disturbances, with
particular emphasis on the possible role of upper-tropospheric potential
vorticity advection in the genesis of these storms. In this paper, a few basic
questions related to the problem of tropical cyclongensis are first stated.
Section 3 contains a review of selected works relevant to this topic. A
sketch of useful and relevant properties of Ertel's potential vorticity is
then made in section 4. A description of the data sets, and of the methods
of analysis follows in section 5. The results for several western North
Pacific cases are presented in section 6, with some discussion for each of
the 13 cases occurring during the nine-week period. A discussion of the
overall findings of this study, and suggestions for future work conclude
the paper.
2. Statement of the Problem of Genesis
2.1 Necessary Conditions for Genesis
Tropical cyclones are observed to form only when certain necessary,
but not sufficient, conditions are satisfied. If genesis is to occur, the
environment must be characterized by (Gray, 1979; McBride and Zehr,
1981):
(i) a sufficiently warm oceanic surface layer; empirically, an SST
lower bound is found to be around 26.5 degrees Celsius (Palmen,
1948);
(ii) a Coriolis parameter greater than some finite value (no geneses
occur within a few degrees of the equator);
(iii) sufficiently weak vertical wind shear directly over the center of
the potential developer; significant shear will inhibit the
establishment of a deep warm core, a characteristic structual feature of
a mature tropical cyclone;
(iv) relatively large values of low-level relative vorticity on the
synoptic and larger scales.
On a climatological or seasonal basis, middle-tropospheric relative
humidity and lower-to-middle tropospheric moist entropy differences are
also believed to be important. However, comparisons of composite
developing versus nondeveloping cloud-dusters showed little difference
in the potential instability to moist convection, (McBride and Zehr, 1981).
In addition, tropical cyclones are observed to form out of pre-existing
initial disturbances of apparently independent origin (Riehl, 1954). One
objective of genesis-related research is to understand the processes
involved in the transformation of these initial disturbances into tropical
cyclones more completely, and perhaps to add to or refine the current set
of conditions which are known to favor this transformation.
2.2 Population of Tropical Disturbances
During tropical cyclone season, the tropical atmosphere contains large
numbers of candidates for genesis, which include waves in the easterly
trades, disturbances that form within or near zones of cyclonic shear such
as the inter-tropical convergence zone (ITCZ) or monsoon trough, and the
cloud clusters associated with them. Precise definitions of terms useful for
the discussion of genesis can be found in the appendix of the Joint
Typhoon Warning Center's (JTWC) Annual Tropical Cyclone Report
(JTWC, 1990):
(i) Tropical Disturbance: A discrete system of apparently organized
convection, generally 100 to 300 nm (185 to 555 km) in diameter,
originating in the tropics or subtropics, having a non-frontal,
migratory character and having maintained its identity for 12 to
24 hours. It may or may not be associated with a detectable
perturbation of the wind field.
(ii) Tropical Cyclone: A non-frontal migratory low-pressure system,
usually of synoptic scale, originating over tropical or subtropical
waters, and having a definite organized circulation.
iii) Tropical Depression: A tropical cyclone with maximum sustained
surface wind speeds of 33 kt (17 m/s) or less;
(iv) Tropical Storm: A tropical cyclone with maximum sustained
surface wind speeds of between 34 and 63 kt (17 to 32 m/s);
(v) Typhoon (or Hurricane): A tropical cyclone with maximum
sustained surface wind speeds of greater than 64 kt (33 m/s).
Whereas, by the above definitions, tropical disturbances abound, tropical
cyclones are relatively rare. It has been estimated that only 1% or 2% of all
tropical disturbances (called hurricane seedlings in the reference) become
tropical cyclones (Simpson and Riehl, 1981, p.70). A 24-year average for
the Atlantic (1967-1990) indicates that out of an annual average of 58
African waves per season, 11.6 become depressions, and 5.9 become
tropical storms (Avila, 1991). Thus, it is a fundamental question of genesis
to discover the differences between pre-cyclone and non-developing
tropical disturbances, which may involve differences in the internal
structures of the disturbances themselves, and/or in the environments
within which they are embedded. One proposition of the present study is
that the developers are often selected by a chance interaction with an
independent upper-level trough. The suggested role of the upper-trough
is to provide lifting through potential vorticity advection by the shear in
the flow.
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3. Review of Previous Work
3.1 Observational Studies of Genesis
Riehl in his early works (Riehl, 1948a, 1948b,1950, 1954) recognized
the existence of migratory cyclones and anticyclones in the tropical upper
troposphere which appeared to be moving relative to, and independent of
lower to middle-tropospheric disturbances such as easterly waves or ITCZ
disturbances. He also proposed the need for a "starting mechanism" for
the tropical cyclone "engine" which he argued must come from an
external energy source. In the western North Pacific he found that the
initial deepening and formation of tropical cyclones often occurred with
the onset of upper-level height falls after the passage of an
upper-tropospheric anticyclone past a lower-tropospheric trough, with the
upper feature moving westward relative to the lower one (Riehl, 1948a).
The author draws an analogy between this scenario and that found in
middle-latitudes, the difference being in the direction of the vertical shear,
i.e. the upper-tropospheric features tend to move eastward relative to the
lower-level troughs. Over the years, with the addition of commercial
aircraft and cloud-tracked wind observations to the available database,
Riehl and others were able to observe upper-level flow patterns in the
vicinities of genesis events more completely, and many cases were
documented. In his more recent work (Simpson and Riehl, 1981; Riehl,
1979), it is emphasized that a commonly observed precursor to genesis or
intensification of tropical cyclones is the positioning of an upper
tropospheric cold-pool associated with an upper-level cyclone or trough
adjacent to a lower-level disturbance. The lower-level disturbance is then
observed to intensify as the upper-tropospheric cyclone diminishes in
intensity, or is destroyed completely. The disappearance of the upper-level
trough or cyclone ("collapsing cold-dome" in Riehl's terminology) was
interpreted as signaling the release of potential energy through the sinking
of cold air, thereby providing the energy necessary for triggering the
genesis of the storm.
Other observational evidence for the importance of
upper-tropospheric troughs in the geneses of tropical cyclones is found in
the work of J. Sadler (Sadler 1975, 1976, 1978). He observed that genesis in
the western North Pacific often appeared related to southward and
westward extentions of what he termed the Tropical Upper Tropospheric
Trough, or TUTT. The TUTT is a WSW-ENE oriented tongue of cyclonic
vorticity, or anomalously large potential vorticity (PV), which is a
persistent feature found on the equatorward side of the subtropical ridge.
This channel of high-PV is observed to vary in its eastern and southern
extent, as it tends to be stretched out by the flow associated with the
anticyclone to the north. Occasionally, this zonally stretched trough will
fracture, and a cutoff anomaly of high-PV will emerge, manifesting itself
an upper tropospheric cyclone or "TUTT cell" in Sadler's terminology.
Examples of these events will be seen in the results presented later in this
paper. Based on aircraft and radiosonde information, as well as subjective
inferences from satellite imagery, a number of cases of tropical
cyclogenesis were observed to occur at the approach of such a TUTT cell
toward the site of some trade-wind of monsoon trough disturbance.
Often, the TUTT cell was found to position itself to the north and west of a
tropical disturbance, with genesis following. The author proposed that
such an upper-level flow configuration facilitates the creation of an
outflow channel to the north and east of the storm, in addition to
providing upper-tropospheric divergence above the incipient center. The
outflow jets were considered favorable and important for cyclone
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development due to their ability to remove high entropy air from the
periphery of the cyclone core region, the subsidence of which would
destroy the thermal gradients near the core of the cyclone, and kill the
development (e.g. Sawyer, 1947). Sadler also implicated the TUTT cells in
the formation of the initial low-level disturbances themselves, and thus
questioned the independence of the upper and lower features in those
cases.
More recently, a study was made of the atmospheric conditions prior
to the genesis of Hurricane Diana which occurred off the southeastern
United States coast in 1984 (Bosart and Bartlo, 1991). The authors found
that an upper-level cyclone, associated with the fracture of an intense
trough in the westerlies, approached the genesis site in the hours prior to
the formation of the storm, providing forcing of ascent (estimated from
calculated advection of upper-tropospheric vorticity by the thermal wind)
in the upper-troposphere near the region of genesis. The
upper-tropospheric cyclone was observed to weaken as the surface cyclone
developed, and the authors noted the similarity to the collapsing
cold-dome scenarios described by Riehl.
Another observational study relevant to this problem was made by
Nitta and Takayabu, 1985, in which ECMWF level-mb gridded analyses for
the FGGE year were utilized. In that study, 850 mb relative vorticity fields
were filtered to pick out waves of periods between 5.7 and 10 days in the
western North Pacific. They found that about half of the vorticity maxima
in the filtered fields within the observed tropical cyclone generation
region eventually developed into typhoons, while the other half did not.
The most striking difference between the pre-typhoon and the
non-developing vortices was in the horizontal structure of the 200 mb
vorticity fields composited relative to the vortices. The upper-level flow
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pattern surrounding the developing composite was characterized by the
Mid-Pacific Trough (MPT) (equivalent to Sadler's TUTT) being extended
westward to a position to the north of the developing vortices, while for
the nondevelopers this feature was positioned much further to the east
(see figure 1).
Another study of western North Pacific cyclogenesis was performed
by Zehr, 1991. He looked at all 50 cases of named-storm formation which
occurred during 1983 and 1984, as well as 25 persistent nondevelopers.
Data sources included digitized satellite radiance data in both IR and VIS
channels (with 10 km, and 3 hour resolution), as well as Air Force
reconnaissance, and objectively analyzed conventional (AIREPS,
cloud-tracked winds, rawinsondes, ships, surface obs) data. From the IR
radiance data he calculated the percentage of pixels with brightness
temperatures below some specified value over an area within some
specified distance from the disturbance center, and plotted this parameter
versus time. He found that for 85% of pre-typhoon disturbances the time
series exhibited marked peaks during the pre-cyclone stage which were
termed "early convective maxima". It was found that such an early
convective maximum preceded tropical storm status by 36-60 hours on
average, but occasionally by several days. This finding led Zehr to propose
a two-stage model of tropical cyclogenesis, in which the occurrence of such
an early convective maximum signifies stage 1 (see figure 2). After the
convective maximum, persistent curvature in the deep cumulonimbus
and an identifyable low-level circulation center first become apparent.
Aircraft reconnaissance also showed a reduction in the scale of the
circulation at this time, with little change in low-level wind speed, and
hence an increase in the low-level vorticity. The percent-coverage of cold
cloud-tops (the time series parameter) then decreases temporarily after
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stage 1, but increases again with the arrival of stage 2 which is
characterized by decreasing central pressure, and winds increasing to
tropical storm force, i.e., by the birth and early intensification of the
tropical cyclone. It should be noted that the author found little difference
in the separation between the developing and non-developing clusters
and the axis of the TUTT, or TUTT cells, during stages 1 or 2, and
suggested on this basis that the TUTT might not be important in the
genesis process.
A number of sounding-composite studies of developing and
nondeveloping clusters have been performed, principally by the research
group at Colorado State University. These composite studies involve
taking whatever soundings are available from each individual disturbance
or cyclone, and assigning them to a radius and sector relative to the
estimated center of that disturbance or cluster. It is then possible to study
quantitatively various properties of the composite disturbances. Care is
taken to stratify the cases according to different stages of development, or
to their ability to develop into tropical cyclones at all. One drawback of
this approach is that features not having a preferred radius or sector,
which may be important to genesis for each individual case, tend to be
smoothed out in the composite. The smoothing will also apply in time,
the degree of which is sensitive to the precision of the stratification of
cases by stage of development. In one such study (McBride and Zehr, 1981;
McBride, 1981a,b), developing and non-developing composite clusters
were studied and compared. It was found that pre-cyclone and
non-developing clusters had similar vertical and horizontal sturctures in
fields of temperature and moisture, but that the pre-cyclone clusters were
embedded in environments characterized by much larger lower-to
middle-tropospheric relative vorticity and tangential wind fields out to
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radii of 8 degrees latitude. The same study also showed zero 200 mb-850
mb vertical wind shear directly over, and large horizontal gradients in
vertical shear in an anticyclonic sense about the centers of the pre-cyclone
disturbances. In a similar study (Lee, 1986,1989) the perceived importance
of a pre-genesis build-up of lower and middle-tropospheric relative
vorticity on the large scales is emphasized by the author. This build-up
was attributed to the agent of lower tropospheric momentum surges with
their origins remote from the genesis site (Love, 1985).
3.2 Conceptual Models of Externally Forced Genesis
Attempts to quantify mechanisms by which upper-tropospheric
forcing can influence the development of tropical cyclones have been
made in the works of Challa and Pfeffer (Challa and Pfeffer, 1980, 1990;
Pfeffer and Challa, 1981, 1991). They used the equations for an
axisymmetric, balanced vortex (Eliassen, 1951) to diagnose the effects of
angular momentum transport by asymmetries in the flow. These were
parameterized by means of an effective angular momentum source term,
in the vortex equations, which depends on the radial derivative of the
eddy angular momentum flux. The effect of this forcing on the secondary
circulation is given by the vertical derivative of this effective momentum
source. Vertical motions can arise from the adjustment of the temperature
field to the forced momentum field under the prescribed balance.
The authors found from the McBride composites that the Atlantic
developing composites differ from the nondeveloping composites in the
organization of the eddy fluxes of angular momentum in the
upper-troposphere. For the composite developers, the flux convergence
pattern in the upper-troposphere is such as to encourage ascent near the
center of the vortex, hence favoring an in-up-and-out circulation which
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might aid in the genesis of the storm. A series of numerical experiments
were performed in which the composite fields served as initial conditions
for an axisymmetric hurricane model (Sundquist, 1970) and later a
3-dimensional mesoscale primitive equation model (Madala et. al., 1987).
For both models it was found that the initial conditions taken from the
nondeveloping duster composites did not produce hurricanes, while the
unaltered developing cluster composites did produce hurricanes in the
model integrations. When the asymmetric component and hence the flux
forcing was removed from the developing composite, the resultant initial
conditions failed to produce a cyclone, leading the authors to suggest that
proper organization of upper-tropospheric angular momentum fluxes
might be an additional necessary condition for the genesis of Atlantic
hurricanes. Such organization might be brought about by interactions
with external agents such as independent upper-level troughs.
Montgomery and Farrell (1991) draw an analogy between the forcing
of ascent via flux convergence in the Pfeffer-Challa model, and that by the
differential advection of potential vorticity in a 3-dimensional model of
the process. They employ moist, geostrophic momentum models to
investigate the response of a low-level seed field to the approach of an
upper-level trough (positive PV anomaly) brought into proximity by weak
upper-tropospheric shear. It was found that when the effects of moisture
and a near-saturated deep column were incorporated, reducing the
effective static stability, the encroaching upper-level PV anomaly acted to
induce a narrow tube of strong deep ascent, and resulted in a dramatic
spin-up of a surface cyclone. Also noted in this process was a collapse in
the scale of the low-level circulation as the upper anomaly approached.
This was contrasted with the corresponding dry experiment for which
ascent was confined to the upper-troposphere, and the upper and lower
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anomalies remained essentially decoupled.
3.3 Conceptual Models of Genesis Through Internal Processes, and Their
Relationship to the External Triggering Hypothesis
Other models of tropical cyclogenesis have tended to focus more on
the dynamics of moist convection, and on air-sea heat exchange.
Convective Instability of the Second Kind (CISK) is one such model which
seeks to explain the growth of a depression-scale circulation in terms of a
cooperation between convective and depression scales. The concept is that
the two scales support one another, the circulation providing a favorable
environment for the convection, through boundary layer convergence
and Ekman pumping, and the convection, through latent heat release in a
conditionally unstable atmosphere, providing energy for intensifying the
vortex. In this way, a positive feedback is established, and the system
intensifies. This concept led to numerous numerical experiments (for
review, see Anthes, 1982) in which initial vortices were placed in
conditionally unstable environments to see if hurricane-like systems
would develop. Often, successful simulations would require seemingly
unrealistic assumptions about the intensity and/or geometry of the initial
vortex, and the vertical structure of the heating. Vortex development has
also been simulated in a nonhydrostatic primitive equation model
characterized by an initially conditionally neutral environment (Rotunno
and Emanuel, 1987), where the suggested positive feedback is between the
surface wind speed and the induced surface fluxes from the ocean, and
doesn't implicitly require ambient conditional instability of the
atmosphere as does CISK. This study also demonstrates the finite
amplitude nature of this instability, termed WISHE (Wind Induced
Surface Heat Exchange) instability, as only vortices of sufficient strength
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and concentration would intensify. The finite amplitude nature of the
WISHE instability has been explored further in Emanuel, 1989. A finite
amplitude instability resembling CISK has been investigated in Handel,
1990. The question which then arises is what processes in the atmosphere
might lead to the formation of the initial finite amplitude vortex. An
external transient forcing might play a role in producing such an initial
vortex, which might then intensify by fundamentally internal
mechanisms such as CISK or WISHE.
It has also been suggested (Frank and Chen, 1991) that processes
involved in the formation of the initial surface vortex may be similar to
those involved in the formation of lower to middle tropospheric vortices
in mid-latitude MCCs (e.g. Menard and Fritcsh, 1989). A source of
synoptic-scale forced ascent, such as that provided ahead of a shortwave
trough, and an associated active stratiform rain area have been suggested
to be necessary conditions for vortex formation in midlatitude MCCs
(Chen, 1990). Thus, there is a role for external forcing in the tropics in this
model as well.
4. Relevant Properties of Ertel's Potential Vorticity
Plots of Ertel's potential vorticity (PV), defined by expression (1)
below, are used extensively in the analyses of the genesis events presented
in this paper. Ertel's theorem states that the quantity Q, defined
Q 4
is conserved under conditions for which (i) DX/Dt = 0, (ii) frictional
effects are unimportant, and (iii) X depends only on density and
pressure (i.e. is a state variable) (Pedlosky, 1987). For unsaturated flows in
the atmosphere, the logical choice for 2 is potential temperature,
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represented by the symbol 0. For this choice, Ertel's theorem states that
(dry) potential vorticity is conserved following the motion for adiabatic
(DO/DT=O), frictionless conditions, which are reasonable approximations
for large scale, unsaturated flows outside of the boundary layer. Plots of
PV on surfaces of constant potential temperature (also a conserved
variable for frictionless, adiabatic flow) are useful for observing the
movement of parcels or patches of air. The atmosphere is observed to
contain various structures which have signatures in the PV fields; the
conservation of PV allows the movements and changes in shape of these
features to be followed easily. The effects of latent heating can also be
addressed within the PV framework. Expressions (2) and (3) are
statements concerning the Lagrangian time rate of change of PV due to
heating and frictional effects, and the integral effects of the heating in the
interior of a material volume (Hoskins et al., 1985):
41 
-DQ/Dt = (1/p) - grad(dO/dt) + (1/p) K - grad(8) (2)
d/dt ( ijj pQ dt) = If ((dO/dt)4 + OK)-n ds) (3)
where K is the curl of the frictional force.
Concentrating on the heating terms, expression (2) states that generation
or destruction of PV following a parcel depends on the dot product of
absolute vorticity with the gradient in heating, divided by the density.
Expression (3) states that, in the absence of heating or friction on the
boundaries of a material volume, the mass-weighted PV integrated over
the volume does not change with time. In a tropical cyclone, one can
imagine constructing the boundary of a volume in a way such that all
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latent heat release occurs within its interior. Then expression (2) implies
that parcels below the level of maximum heating will gain PV, while
parcels above will lose PV. Expression (3) offers an integral constraint on
these changes, that the mass-weighted losses of PV aloft are compensated
by generation in the lower layers. Such destruction of PV near the
tropopause in the vicinity of intensifying cyclones will be seen in many of
the results presented later.
Another aspect of PV which is worth noting is that PV anomalies in
quasi-balanced flow are characterized by vorticity and static stability
anomalies in the same sense, i.e. positive PV anomalies are characterized
by cyclonic circulations and relatively high static stabilities, and vice-versa.
The circulations associated with the anomalies will penetrate some
distance below the anomaly with a penetration depth dependent on the
scale of the anomaly, on the effective static stability in the column below,
and on the vorticity itself. Vertical shear in the horizontal wind will tend
to induce upward motion on the downshear side of the anomaly. To
understand this result physically, one might imagine travelling with a
lower-level air parcel which is moving toward an upper-tropospheric
positive PV anomaly located upshear. The parcel will be required to
acquire vorticity consistent with the circulation from the anomaly above
as it approaches the region beneath the anomaly. This implies vortex
stretching from the time it enters the region of influence of the upper
anomaly's circulation until its closest approach, and then contraction as it
moves away. Translating this picture to an Eulerian frame, it follows that
upper-tropospheric ascent is expected where there is positive potential
vorticity advection by the relative velocity between the anomaly and the
parcels below. This is the physical basis for the forcing parameter defined
in the section 5.3.
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5. Data and Methods of Analysis
5.1 The Database for and the Preparation of the NMC Analyses
The upper-air database used in the preparation of NMC analyses
consists of radiosondes, pilot balloons, aircraft reports, cloud-tracked
winds, and remotely-sensed temperature soundings. Figure 3 shows the
distribution of these elements over the western North Pacific for a "typical
day" (Dey, 1989). Aircraft reports generally have their best coverage in the
upper troposphere and lower stratosphere, near the flight levels of
commercial aircraft, which have their highest density near 250 mb.
Cloud-tracked winds are derived from the identification and tracking of
clouds in time loops of images obtained from geosynchronous-orbitting
satellites. Crudely speaking, levels are assigned to the observations by
matching the measured IR brightness temperature of the cloud to the
appropriate level using some estimate of the environmental vertical
temperature profile, e.g. that obtained through remotely-sensed
temperature soundings. Generally, low-level cumulus tracers provide
velocity measurements representative of the flow at 850 mb, while the
tracking of upper-tropospheric cirrus targets provide estimates of winds
near the tropopause (Elsberry, 1987). The circulations of
upper-tropospheric cold-lows with associated cirrus rings about their
perimeter can occasionally be well resolved by this data source
(Shimamura, 1981). The remotely-sensed temperature soundings are
retrieved from measurements made by passive radiometers mounted on
polar-orbitting satellites. Upwelling radiation is measured in various
frequency bands, each of which has a characteristic emissivity vertical
profile in the atmosphere. Given the dependence of the emissions of
radiation on temperature, and given the emissivity profiles and observed
22
radiances for various bands, temperatures are determined for various
levels, and a sounding is retrieved. In practice, the emissivity profiles or
weighting functions overlap, and the sorting out of information to obtain
a vertical sounding is done by sophisticated retrieval methods (Smith,
1991). Temperature gradients are relatively weak in the lower to middle
tropical troposphere, and the remotely-sensed temperature soundings are
thus of little use there. However, this technique might be useful near the
tropopause where temperature anomalies are more significant. For
example, temperature anomalies of +8 and -5 degrees Celsius have been
observed above and below upper tropospheric cold lows near 20 degrees
north latitude (Shimamura, 1982).
The raw observations are used to determine corrections, via
optimum interpolation techniques, to background or first-guess fields
which are provided by a 6-hour forecast from the NMC global spectral
model (Kanamitsu, 1989; Kanamitsu et al., 1991) which had been
initialized by the previous analysis. Obviously, in the absence of data,
these first-guess fields will dominate the analyses. In the results which
follow, attention is restricted to the 850 mb level and the 360K isentropic
level (near the tropopause) where the density of observations is greatest.
Presumably, the NMC analyses will accurately portray features which are
well resolved by information in the database. The numerical model
should then be capable of maintaining these features for some time after
adequate resolution by observations has been lost.
5.2 TTWC Best Tracks and Estimated Intensities
The positions and intensities of the cyclones in this study are taken
from Joint Typhoon Warning Center (JTWC) post-season analyses for the
1991 season. This information includes positions of the pre-depression
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disturbances when they were able to be determined by the JTWC analysts.
Position and intensity (maximum sustained wind, 1 minute average)
estimates both rely heavily on interpretation of satellite imagery. The
Dvorak technique (Dvorak, 1984) is chiefly used in the intensity estimates
(JTWC, 1990). The rules which characterize this technique are based on
the observation that, apart from diurnal and other short term fluctuations,
the patterns of deep convective clouds often follow a systematic
progression during tropical cyclone intensification. The primary indicator
of intensity for an immature (no eye) cyclone is the degree of coiling of
curved deep convective bands around the system center (see figure 4). For
a more mature cyclone, IR measurements of "eye-temperature" and
cloud-top brightness temperature for the surrounding inner core region
provide more objective measures of intensity (Dvorak, 1984). According
to the rules of this technique, the initial development of a tropical cyclone
is defined by the first appearance of curvature in a band of deep convective
clouds together with an area of dense overcast of extent greater that 1.5
degrees latitude found less than 2 degrees latitude from the estimated
system center. If this is observed, the disturbance is tagged "T1", and
assigned an intensity of 25 kts (for table relating intensity to T-number, see
figure 4). From that point, the T-number is expected to increase on
average 1 per day, with the disturbance anticipated to reach tropical storm
strength in 36 hours. The intensity progression expected by this Dvorak
timetable is to be used as a guideline for forecasters and analysts, but is
modified if the cloud-patterns clearly indicate a different intensity.
In the case studies which follow later, the JTWC estimated intensities
are plotted versus time. From these time series, it is possible to identify
various transitions in the intensification rates of the storms. Figure 6
shows a typical example. Often the time series is initially flat, with
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intensities of magnitude less than or equal to 25 kts, and increasing at a
rate of 5 knots per day or less. During this stage, one can infer in the
context of the Dvorak technique that the disturbance is lacking signs of an
organized circulation (i.e. band curvature). At some point a clear
transition takes place, and the system undergoes steady intensification of
10 to 25 knots or about 1 T-number per day from depression to tropical
storm and perhaps to typhoon stage. Occasionally, periods of more rapid
intensification are found, perhaps exceeding 30 knots per day for a limited
time interval. Of particular interest in this study are the environmental
conditions, and upper-tropospheric forcing during the days leading up to
the transition from the very-slowly intensifying, poorly organized tropical
disturbance, to the steadily intensifying well-organized tropical cyclone.
Such a transition will be referred to as genesis in this paper. Also of
interest are conditions at the time and place of the generation of the
tropical disturbance itself, defined by the first entry for the storm in the
JTWC best track. The JTWC positions are also used in the calculation of
the forcing parameter to be defined below, the physical significance of
which was described in the previous section. On potential vorticity and
850 mb vorticity maps in the results presented later, positions of JTWC
analyzed pre-cyclone disturbances or cyclones are indicated by triangles,
with the track of the disturbance and cyclone indicated by small squares.
5.3 Definition of the Forcing Parameter
In this work, we are especially interested in determining the degree to
which pre-genesis disturbances are fostered in environments characterized
by ascent, externally forced by migrating upper-tropospheric troughs or
cyclones. To quantify this effect, the forcing parameter defined below is
used:
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F = - 1/N T Y (Vijk - V40j) - grad( Q )
k i,j
where N is the total number of terms in the summation
Vjk is the analysis velocity at isentropic level k, horizontal grid points ij,
-_4
V40j is the 400mb horizontal wind velocity for grid points ij,
and Q is the value of Ertel's PV at grid point ij, level k.
The summation in k is made over 5 levels of potential temperature, from
350K to 370K at 5 degree intervals. All grid points (ij) within a specified
radius from the JTWC-analyzed disturbance center are included in the
average. This radius is varied between 2 and 7 degrees latitude. The
forcing parameter essentially measures an average potential vorticity
advection near the tropopause as viewed in the frame of a parcel at 400mb.
Positive values should correspond to forced ascent, negative values to
descent. Time series of this forcing parameter are readily compared with
those of intensity. In this work, a value of the forcing parameter prior to
generation of the initial pre-cyclone disturbance is estimated by
extrapolating the first entry in the JTWC best track backward 6 or 12 hours.
Thus the forcing time series will begin 6 to 12 hours before the
corresponding intensity plot. A second forcing parameter was also
computed, with 850 mb replacing 400 mb as the lower level in the
calculation. The results tended to be similar during the early stages of
development, with a few exceptions which will be noted in the discussion
of the results. In the time series presented later, the forcing is shown in
units of 10-11 m2 K kg-1 s-2, or 0.864 PV units (Hoskins et. al., 1985) per day.
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6. Case Studies from the 1991 Tropical Cyclone Season
In the following, results from every case of tropical cyclogenesis
which occurred in the western North Pacific between the dates of July 1st
and September 6th of 1991, are discussed. This 9 week period saw the
formation of 8 typhoons, 3 tropical storms, and 2 unnamed depressions.
Emphasized in the discussion of the results is the time evolution of
upper-tropospheric flow patterns and PV-structures for times leading up
to the geneses of the tropical cyclones. The results for each case are
presented in the following format. First, the tracks of each cyclone are
shown, which are useful for determining intensity changes which may be
related to a change in the lower boundary, i.e. passage of the disturbance
over land or colder sea-surface temperatures. Next, the time series of
JTWC estimated intensity for the cyclone is shown, from which phases in
the development, characterized by markedly different average
intensification rates, are identified. An attempt is made to identify the
time of transition from tropical disturbance to intensifying cyclone, i.e. of
genesis, on the basis of these time series. The time series for the forcing
parameter for the event are then discussed, with episodes of "positive
forcing" and implied forced ascent noted, and their relationship (if any) to
the genesis of the tropical cyclone, and to the generation of the precursor
tropical disturbance. Next, potential vorticity fields are shown on the 360K
isentropic surface, which indicate the upper-level flow patterns near the
time of genesis, and the structures responsible for episodes of positive
forcing. For most cases, maps of 850 mb winds and relative vorticities are
presented to portray the evolution of the lower-tropospheric large-scale
flow environment over the days leading up to genesis.
The month of July saw the formation of 4 tropical cyclones, Zeke,
Amy, Brendan, and Caitlin, which each attained typhoon status. The
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tracks of these storms, including their pre-cyclone disturbance stage, are
shown in figure 5. The geneses of these storms occurred within a 2 week
period, which was followed by 2 weeks of inactivity in which no tropical
cyclones formed. From figure 5 note the similarity in the tracks of the
storms, the exception being the dramatic turn of Caitlin toward the north
on the 24th of July. Such a clustering of events in space and time has been
noted by others (Gray, 1979). Each of these storms will next be discussed
individually, in order of their appearance.
Typhoon Zeke
The intensity time series for tropical cyclone Zeke is shown in figure
6. The following phases, characterized by nearly uniform intensification
rates, are identified:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 07/06/OOZ-07/09/18Z pre-cyclone 3
disturbance
2 07/09/18Z-07/10/18Z steadily intensifying 10
incipient cyclone
3 07/10/18Z-07/12/18Z rapidly intensifying 27
cyclone
The forcing parameter time series for this case (figure 6) shows an
extended period of positive forcing, and induced upper-tropospheric
ascent occurring roughly between OOZ of the 6th and OOZ of the 9th, during
the pre-cyclone stage of development. The actual transition between
pre-cyclone disturbance and incipient cyclone, which we are calling
genesis, occurs by 18Z of the 9th, a time when the forcing is actually
reduced to near zero. In figure 7, the 360K PV-fields are presented every 24
hours for the days leading up to the generation of the pre-cyclone
disturbance on OOZ of the 6th. Of particular note is the westward and
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equatorward advance of the upper-level trough extending from 165E, 17N
southwestward to around 145E, 7N at 12Z of the 5th, as well as the region
of negative PV centered around 146E, 3N to the south of the advancing
trough. The pre-cyclone disturbance associated with Zeke can initially be
found just west of this feature, as shown in figure 8. Over the next 48
hours the disturbance is approached by another trough, or extension of the
TUTT, which is seen by following the advance of the 3 PVU contour in
figure 8, to position itself to the northeast (upshear) of the tropical
disturbance by 12Z of the 7th. Figure 9 shows the subsequent movement
of the pre-cyclone disturbance away from the TUTT, with
nonconservative processes, i.e. destruction of PV aloft, exhibited between
12Z of the 8th and 9th.
The evolution of the large-scale flow at 850 mb can be seen in the
relative vorticity and wind fields shown in figures 10 and 11. Note the
intensification of the equatorial trough or ITCZ over the entire 40 degree
longitude span of the domain in the days prior to the generation of the
pre-cyclone disturbance (figure 10), with an elliptical large-scale circulation
between 130E and 145E, 5N and 1ON emerging by 12Z of the 5th. By 12Z of
the 9th the pattern has evolved to a more circular shape, with genesis, or
the transition to a steadily intensifying vortex, occurring around this time.
In summary, the generation of the pre-cyclone disturbance related to
Zeke was preceded by an intensification of the monsoon trough at 850 mb,
and the approach of an upper tropospheric trough from the northeast.
Once formed, the tropical disturbance remained in an environment of
positive forcing up until, but not including the transition from phase 1 to
phase 2, i.e. the genesis for this case. Also, the disturbance's proximity to
the Phillipines during the latter part of phase 1 (figure 5) may have
inhibited the onset of intensification (phase 2) until the passage of the
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islands.
Typhoon Amy
The intensity time series associated with Amy (figure 12) suggests the
following divisions:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 07/12/18Z-07/15/12Z pre-cyclone 3
disturbance
2 07/15/12Z-07/17/06Z intensifying vortex, 23
incipient cyclone
3 07/17/06Z-07/18/12Z rapidly intensifying 48
cyclone
The forcing parameter time series (figure 12) again indicates a bias toward
positive forcing during the pre-cyclone stage (phase 1) and through phase 2
as well, with maximum forcing occurring between OOZ of the 15th and OOZ
of the 17th. The forcing reduces to near zero during and after the rapid
intensification stage of the cyclone. The corresponding PV maps are
shown in figures 13 through 15. Note the evolution of the TUTT over the
days preceding the generation of the pre-cyclone disturbance (figure 13).
The TUTT appears extended from 165E, 24N to 135E, 5N as of 12Z on the
9th, and over the subsequent days, is seen to fracture, with an intense
upper-level cyclone remaining in the eastern portion, centered at 156E,
19N on 12Z of the 12th. The initial disturbance associated with Amy is
first detected by JTWC by 18Z of the 12th at a postion southwest of this
upper-tropospheric cyclone, or TUTT cell. Over subsequent days the two
features migrate westward maintaining approximately their original
separation (figure 14), the upper-cyclone tending to weaken and deform.
The period of maximum forcing centered around 12Z of the 15th is
characterized by a strengthening northeast flow over the pre-cyclone
disturbance down the axis of the upper-trough postioned to the northeast
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(figure 18). By 12Z on the 16th, the upper-level forcing is bolstered by the
arrival of another trough from the northwest.
The flow at 850 mb is documented in figures 15 and 22, which show
the development and genesis of Amy taking place within a
poleward-displaced portion of the equatorial trough. Note the track of
Amy along the monsoon trough, which is intensifying on the large scale
by 12Z of the 16th.
In summary, the generation of the pre-cyclone disturbance related to
Amy is preceded by the formation and positioning of an intense
upper-tropospheric cyclone to the northeast. The forcing at this stage is
most impressive in the time series of the forcing parameter calculated
using the 850 mb winds for the lower level (figure 16). Once formed, the
tropical disturbance remains in a generally positive forcing regime
throughout the genesis and early intensification stages of development.
Typhoon Brendan
The intensity versus time graph for this storm (figure 17) suggests the
division of the formation and intensification of this cyclone into the
following 3 phases:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 07/15/OOZ-07/18/06Z pre-cyclone 2
disturbance
2 07/18/06Z-07/20/18Z slow intensification, 6
genesis
3 07/20/18Z-07/22/OOZ rapidly intensifying 27
cyclone
The time series of the forcing parameter shows positive and increasing
values during phase 1, with a substantial peak at 12Z of the 18th. A lull in
the forcing ensues, until the onset of a second episode by OOZ of the 21st
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which is correlated with the beginning of the rapid intensification phase.
The corresponding PV maps are shown in figures 18 through 21. The
generation of the pre-cyclone disturbance occurs to the southeast of an
upper-tropospheric trough similar to the case of Zeke, although the
forcing is apparently negligible at this time. Figure 19 shows the first
encounter of the pre-cyclone disturbance with an upper-tropospheric
trough on 12Z of the 18th as a tongue of high-PV is drawn equatorward by
northerly and northeasterly flow between OOZ of the 17th and 12Z of the
18th. At the same time, another PV anomaly is situated well to the north
centered along 30N between 125 and 140E. Over the next 48 hours (see
figure 20) this feature is observed to be advected southward and westward
on a collision course with the lower-level disturbance. The upper-level
feature is seen to encounter the low-level disturbance by OOZ of the 21st
(fig. 21) thus beginning another extended period of positive forcing. The
rapid intensification phase of the development begins at this time. Note
that the abrupt halt to intensification at OOZ of the 22nd is likely due to the
landfall made on OOZ of the 22nd (see figure 6) at the northern extreme of
the Phillipine Islands. Figures 22, 26, and 27 show the large-scale flow at
850 mb for this period. The pre-cyclone disturbance appears to be
associated with a migrating circulation identifyable in the NMC analyses
as a vorticity maximum at least 48 hours prior to the JTWC's
identification of the pre-cyclone disturbance (figure 22).
In summary, the upper-tropospheric flow pattern around the
pre-cyclone disturbance at its generation resembles that for the case of Zeke
with a trough and region of negative PV positioned to the northeast and
east respectively. A negligible forcing parameter at this time, however,
makes a link between positive forcing and generation of the disturbance
questionable. The pre-cyclone disturbance encounters upper-level troughs
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on 12Z of the 18th, and beginning on OOZ of the 21st, which correspond to
transitions in the intensification rates of the disturbance/incipient cyclone.
The second episode, in particular, appears to be implicated in the genesis
and early intensification of cyclone Brendan.
Typhoon Caitlin
The intensity time series for typhoon Caitlin (figure 23) shows 2
distinct phases in the development:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 07/18/12Z-07/23/18Z pre-cyclone 3
disturbance
2 07/23/18Z-07/27/12Z intensifying 19
tropical cyclone
The forcing appears positive but relatively weak for much of the
pre-cyclone phase with peaks around 12Z of the 18th and OOZ of the 22nd.
The early peak may suggest a role of positive forcing in the generation of
the initial disturbance. The episode of positive forcing around 12Z of the
25th occurs well into phase 2 by which time the cyclone has attained an
intensity of 65 knots, clearly after the genesis of the storm.
Potential vorticity maps (figures 24 and 25) do show an upper-level
trough positioned to the northwest of the low-level disturbance during
much of phase 1, with the lower-level disturbance apparently overtaking
the upper-level trough by OOZ 23rd, but this event is not reflected strongly
in the forcing time series. For this case, on the basis of the quantitative
measure, we must conclude that a link between upper-tropospheric
potential vorticity advection and tropical cyclogenesis is not readily
apparent. It is worthy of note that the transition from stage 1 to 2 is also
accompanied by the marked change in the track of the storm which is
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observed to occur around 6Z of the 24th (figure 5). It is not clear how or if
these events are related. At 850 mb (figures 26 and 27) the pre-cyclone
disturbance is seen to form in the vicinity of a vorticity maximum
migrating along the equatorial trough, similar to the case of Brendan.
Subsequent panels (figure 27) show increasing vorticity about the
disturbance on the large scale, prior to the genesis of the cyclone arount
July 24th.
Two weeks of inactivity ended with the genesis of Doug around OOZ
of August 9th. This event marked the start of another active period. The
next 10 days saw the geneses of 5 tropical cyclones. Their tracks are shown
in figures 28 and 35. While the track of Fred was similar to that of the first
4 typhoons, the other cyclones tended to form about 10 degrees latitude
further north. The clustering of events in time and space is again noted.
The cyclones within this second group will now be discussed individually
in order of their appearance.
Tropical Storm Doug
Doug achieved maximum sustained winds of only 35 knots, minimal
intensity for a tropical storm. The storm tracked quickly northward (figure
28) toward higher latitude and colder ocean, failing to intensify further.
The intensity and forcing time series are shown in figure 29. The
transition from tropical disturbance to weak tropical cyclone (genesis) is
seen to occur around OOZ of the 9th. Forcings at this time and before are
primarily positive (especially for 7 degree averaging radius) but weak, with
no clear relation between genesis and positive forcing for this event.
Potenital vorticity maps are shown in figures 30 and 31, with relevant 850
mb maps displayed in figure 32. The PV maps for 12Z of the 8th, just prior
to genesis, do indicate high PV to the north and east of the disturbance, but
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the forcing is apparently weak. At 850 mb (figure 32), the pre-cyclone
disturbances related to Doug and Ellie are observed to form within a
pre-existing region of high relative vorticity apparently associated with a
frontal zone intrusion from mid-latitiudes days before.
In summary, there is no clear indication of upper-level forcing of
either the genesis or the generation of the initial disturbance for this case.
Typhoon Ellie
The time series pertaining to Typhoon Ellie are shown in figure 33.
The intensity time series is unusual in that there is no clear pre-cyclone
disturbance phase, with a fairly rapid elevation to tropical storm status
within the first 30 hours of JTWC detection as an entity. The following
phases are defined:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 08/09/00Z-08/10/06Z genesis 16
2 08/10/06Z-08/11/18Z slow intensification 10
3 08/11/18Z-08/12/18Z steady 0
4 08/12/18Z-08/14/18Z moderate 20
intensification
The time series of forcing shows near zero PV advection by the shear
during the early stages of development and genesis of this storm. Thus,
there is no apparent relationship between upper-tropospheric forcing and
the generation of the pre-cyclone disturbance, or genesis of the tropical
cyclone for this case. The event around 12Z of the 13th appears to be
related to the approach of the tropical cyclone to a trough in the westerlies.
Note the enhanced outflow to the north, and the PV destruction aloft
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exhibited by 00Z of the 13th (see figure 34).
Typhoon Fred
The intensity time series for Fred (figure 36) suggests that the
development of the cyclone be divided into 3 stages:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 08/08/OOZ-08/12/18Z pre-cyclone 2
disturbance
2 08/12/18Z-0/15/12Z intensifying 18
cyclone
3 08/15/12Z-08/16/OOZ brief period of 40
rapid intensification
The time series of the forcing parameter (figure 36) shows impulses of
positive forcing at the onsets of both phases 1 and 2 (around OOZ of the 8th
and 13th respectively), with another more extended period of forcing
during the pre-cyclone disturbance phase, peaking at 12Z of the 11th. The
first impulse is implicated in the generation of the initial disturbance,
while the second and third episodes are implicated in the transition from
phase 1 to phase 2, i.e. in the genesis of the tropical cyclone. After OOZ of
the 13th, the forcing parameter is seen to hover around zero. It should be
noted that the brief landfall of Fred at the Phillipines during the 12th of
August may have also played a role in the timing of the genesis (figure 35).
The 360K PV maps show the structures responsible for the episodes of
positive forcing, and implied upper-tropospheric ascent. Figure 37
portrays the events surrounding the generation of the pre-cyclone
disturbance which occurs by OOZ of the 8th. Note the upper-tropospheric
positive PV anomaly centered around 147.5E, 7N as of 12Z on the 7th,
moving westward with the strong easterlies of about 50 kts, which
converts to about 10 degrees longitude per 12 hours, consistent with the
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observed displacement between 12Z of the 7th and OOZ of the 8th.
Generation of the pre-cyclone disturbance is seen to occur just downshear
of this anomaly on OOZ of the 8th. Figures 38 and 39 show the events
leading to the genesis of the cyclone. As of 12Z on the 9th, an
upper-tropospheric anomaly is positioned near 23N, 147.5E, and is being
advected west-southwestward. By 12Z on the 11th, the anomaly is
positioned to the northeast of the pre-cyclone disturbance. This
configuration remains fixed to some extent for the next few days as the
two features drift toward the west, with the flow configuration
corresponding to the peak in the forcing at OOZ on the 13th shown in
figure 39. Also noteworthy is the approach of the intensifying cyclone
toward an intense but decaying upper-level trough, whose axis is along
110E as of OOZ on the 14th. The lower-left panel of figure 39 shows the
situation just prior to the onset of phase 3, a period of rapid intensification
just prior to landfall. The configuration appears conducive to the
establishment of an outflow channel to the north (Sadler, 1978). Also, the
demise of the upper-trough is reminiscent of the collapsing-cold-dome
scenarios described by Riehl (Riehl, 1979).
At 850 mb (figures 40 and 41) an intensification of the equatorial
westerlies and the monsoon trough is observed to precede and accompany
the genesis of the storm.
In summary, the pre-cyclone disturbance associated with Fred was
generated downshear of a rapidly moving upper-tropospheric PV
anomaly. The tropical disturbance then experienced positive forcing, from
another anomaly situated to the northeast, with a peak in the forcing at
the onset of steady intensification, or the genesis of the tropical cyclone.
The brief landfall of the disturbance on 12th of August may have also
influenced the timing of genesis.
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Tropical Depression 13W
This disturbance was first detected on 12Z of August 11th, reaching its
maximum intensity of 25 kts by 6Z of the 12th. The forcing time series for
this disturbance is shown in figure 42, with positive forcing apparent at
the generation of the disturbance, and zero or negative forcing during its
lifetime as a depression. The relevant PV maps (figure 43) show the
generation of the pre-cyclone disturbance occurring downstream of an
upper-level trough situated just to the east. Tropical cyclone Ellie can be
seen situated to the northwest. The negative forcing appears to result
from the relative movement of the depression toward the low-PV air in
the upper-troposphere left in the wake of cyclone Ellie. At 850 mb, the
disturbance is seen to develop on the cyclonic shear side of a belt of 25 kt
southeast winds (figure 44). Note also the motion of TD 13W around
cyclone Ellie.
In summary, positive forcing is clearly indicated in the generation of
the initial tropical disturbance for this case. Negative forcing prevailed
during the depression stage, with the system failing to intensify beyond 25
knots.
Typhoon Gladys
The early development of Gladys, a minimal strength typhoon at its
most intense level, is divided into 4 stages (figure 45):
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 08/13/12Z-08/16/OOZ pre-cyclone 6
disturbance
2 08/16/OOZ-08/18/OOZ intensifying 15
cyclone
3 08/18/OOZ-08/20/OOZ steady at 55 knots 0
4 08/20/OOZ-08/21/06Z renewed intensification 8
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The time series of the forcing parameter shows an episode of positive
forcing during the first 24 hours of the JTWC best track, followed by lesser
events (peaks in the time series) over the following few days. The
relevant PV maps (figures 46 and 47) show that during its generation and
early lifetime, the pre-cyclone disturbance resides in an environment of
upper-tropospheric northerly flow, with a broad region of high-PV
situated to the north and east, and with structures within this region
occasionally rotating down to positions north of the disturbance. The
corresponding 850 mb maps (figures 48 and 49) reveal a complicated flow
pattern, including a large-scale cyclonic circulation on the order of 30
degrees latitude in diameter centered around 150E, 20N on OOZ of the 13th.
Pre-cyclone Gladys forms on the southeast extreme of this circulation,
where winds are strong and southerly, implying relatively large vertical
shear between the lower and upper troposphere during the early stages.
Note also the increase in the voriticity about the intensifying disturbance
on the large scale. By 12Z of the 16th, a large-scale circulation surrounding
now tropical depression Gladys dominates the domain.
For this case, positive forcing is implicated in the generation of the
pre-cyclone disturbance and, to a lesser degree, in the genesis of the
tropical cyclone. An increase in the low-level vorticity on the large scale
occurred during the tropical disturbance stage, preceding the genesis of the
tropical cyclone.
Tropical Depression 15W
The tracks of the next two cyclones of the season, TD 15W and TS
Harry, are shown in figure 50. The intensity and forcing time series
pertaining to TD 15W are shown in figure 51. The generation of the
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disturbance is accompanied by an impulse of positive forcing, while its
later intensification from 20 kts (pre-cyclone disturbance) to 30 kts
(depression) around 12Z of the 25th is also accompanied by the onset of
positive forcing. The question yet to be answered for this case is why did
it not intensify further. The depression skirts the southern tip of Japan by
00Z of the 28th.
The associated PV maps are shown in figures 52 and 53. The forcing
agent at the generation of the disturbance appears to be an eastward
extension of the TUTT (figure 52). At 850 mb (figure 54), the disturbance
appears to form within a large-scale, zonally elongated trough in
subtropical latitudes. Note the pervasiveness of lower-tropospheric
westerlies in the tropics at this time.
Tropical Storm Harry
The time series related to the genesis of this weak tropical storm are
shown in figure 55. An increase in estimated intensity from 25 to 40 kts is
seen to occur between 12Z of the 29th, and OOZ of the 30th, so genesis is
defined as occurring around then. The forcing parameter time series show
a peak at OOZ of the 27th for the 7 degrees and 5 degrees latitude averaging
radii, and at 12Z of the 27th when 3 degrees is used. The corresponding
potential vorticity maps (figures 56 and 57) show the approach of an
upper-tropospheric cyclone toward the pre-cyclone disturbance. On OOZ of
the 27th the upper cyclone is centered around 143E, 17N, with the
pre-cyclone disturbance found near 133E, 20N. Over the next 24 hours the
northern portion of the upper-level cyclone appears to overtake the
low-level disturbance, while the bulk of the cyclone appears to be
destroyed and replaced by low-PV air to the south. The collapse of an
adjacent cold pool is consistent with Riehl's formula for genesis. In this
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case, upper-tropospheric potential vorticity advection is implicated, with
maximum forcing leading genesis by roughly 36 to 48 hours. At 850 mb,
Harry is observed to form and develop along the cyclonic shear side of a
southerly and westerly jet, which disappears by 12Z of the 30th as the
cyclone moves away toward the north.
In summary, the forcing at the generation of the pre-cyclone
disturbance is positive for the 7-degree radius average, but near zero or
slighltly negative for the 3-degree average, making the connection
between positive forcing and generation suggestive but quesionable. The
forcing is generally positive throughout the pre-cyclone disturbance stage
for the 5 and 7 degree averages, with a peak near 12Z of the 27th for the
3-degree average. Thus, the connection between forcing and genesis is
suggested, although perhaps not as clearly as in other cases.
Typhoon Ivy
Figure 60 shows the tracks of the remaining 2 cases of this study, Ivy
and Joel. The intensity time series (figure 61) for Typhoon Ivy is divided
as follows:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 08/31/12Z-09/01/12Z pre-cyclone 0
disturbance
2 09/01 /OOZ-09/04/06Z slow intensification/ 11
genesis
3 09/04/06Z-09/07/06Z moderate intensification, 23
tropical cyclone
The forcing parameter time series indeed shows several episodes of
positive forcing during stages 1 and 2. The corresponding PV maps
(figures 62 and 63) show the upper-level flow patterns over the days prior
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to generation of the pre-cyclone disturbance (figure 62), and during the
genesis and early intensification of the storm. Note the southwestward
approach of the TUTT between 12Z of the 30th and 12Z of the 31st toward
the site of the generation of the pre-cyclone disturbance, which first
appears to the southwest of the upper-trough. By OOZ of the 3rd, the
intensifying disturbance appears free from the influence of the first
trough, but another anomaly is shown to advect down from the north to
provide another period of forcing. By OOZ of the 5th, Ivy has reached
maximum sustained winds of 65 knots. Potential vorticity advection by
upper-tropospheric shear is indeed implicated in this low-latitude case of
genesis, as well as in the generation of the precursor tropical disturbance.
The corresponding 850 mb charts (figures 64 and 65) show some
evidence of a migrating vorticity maximum within the equatorial trough
prior to the generation of the initial disturbance. Note also the
development of a remarkable circulation on the large scale as the
disturbance/incipient cyclone intensifies.
Tropical Storm Joel
The intensification of Joel (figure 66) is divided into the following 4
stages:
Ave. Intensification
Phase Time Inverval Description Rate (kts/day)
1 09/01/OOZ-09/02/06Z pre-cyclone 4
disturbance
2 09/02/06Z-09/03/18Z slow intensification/ 10
genesis
3 09/03/18Z-09/04/18Z steady at 30 knots 0
4 09/04/18Z-09/06/12Z renewed intensification, 14
tropical cyclone
The forcing parameter time series shows an initial peak at the beginning
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of the period, OOZ of the 1st, for the 3 degree averaging radius, and 12
hours earlier for the 7 degree average. The forcing is variable but generally
positive throughout the period. The associated PV maps (figures 67 and
68) show first the westward movement of a broad region of high-PV air,
with the generation of the pre-Joel disturbance occuring to its east by OOZ
of the 1st (figure 67). Over the next several days, the incipient cyclone
remains under the influence of northeasterly flow aloft, and generally
positive potential vorticity advection near the tropopause. Forcing of
ascent from upper-level positive PV anomalies is implicated in both the
generation of the pre-cyclone disturbance, and in the genesis of the tropical
cyclone for this case.
The corresponding 850 mb maps (figures 69 and 70) show a fairly weak
vorticity pattern 24 hours prior to the generation of the initial disturbance.
Again, a large scale circulation begins to form during the pre-genesis stages
of development of the disturbance and incipient cyclone.
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7. Summary/ Suggestions for Future Work
Observations appear to support the hypothesis that upper-level
structures often play a role tropical cyclogenesis. Of the 8 typhoons
studied, only Ellie showed no indication of an upper-level trigger, while
for Caitlin the link was not obvious. The remaining 6 cases all had in
common episodes of positive potential vorticity advection by the
upper-tropospheric shear during the few days and hours prior to genesis.
The upper-tropospheric agents could be traced back in the analyses and
were clearly initially independent of the lower-level disturbances
involved in the process. The upper-level agents often appeared as
elongated upper-tropospheric troughs, i.e. equatorward and westward
extensions of the TUTT, or else upper-level cut-off cyclones. Of the
tropical storms, both Luke and Harry showed some indication of a
correlation between positive forcing and genesis, while for Doug such a
relationship was not apparent. For many cases, positive forcing was also
indicated at the very beginning of the JTWC best tracks, i.e. in the
generation of the initial disturbances themselves. This was certainly true
for each of the nonintensifying depressions, TD13W, and TD15W.
As for future direction in this work, it is suggested that the
incorporation of satellite radiance data might be useful. In particular, it
would be interesting to see if the episodes of positive forcing found in this
study could be related to any changes in the organization or in the amount
of deep convection. Also, the analyses performed in this study should also
be tried on nondeveloping clusters. An attempt was made by the author
to identify nondevelopers from the NMC 850 mb analyses, and a few
persistent nondeveloping vorticity maxima were catalogued. Forcing time
series were calculated for these as well. Figure 71 shows an example.
Note that the nondeveloping vorticity maximum is not immune to
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episodes of positive PV advection aloft. It would be more desirable to use
satellite imagery to identify nondevelopers as other authors have done
(e.g. McBride, 1981a). Also, it is suggested that other factors such as shear
over the disturbance center and large-scale low-level vorticity be
incorporated into the problem, which might help differentiate between
developers and nondevelopers.
It should be added that although the data scarcity over the tropical
oceans is well-known, standard observations are often found to resolve
the upper-level features described in this paper. It would be especially
useful to have access to the database which goes into any given NMC
analysis, and weigh data availability in the selection of cases from which to
draw conclusions. Furthermore, analyses of PV fields surrounding
genesis cases in the eastern North Pacific and western North Atlantic
basins for 1991 found similar configurations for the many of those cases as
well, and it is not believed that the processes documented in this study are
unique to the western North Pacific.
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Figure 1. Horizontal distributions of 200 mb relative vorticity in units of
10-6 s-1 referred to the composite vortex centers for (top) pre-typhoon
vortices and (bottom) nondeveloping vortices (Nitta et. al., 1985).
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Figure 7. Ertel's potential vorticity (Q) fields plotted on the 360K isentropic
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Figure 27. 850 mb winds and relative vorticity. Tracks (squares) and
current positions (triangles) of Brendan and Caitlin are shown.
Contouring conventions are as in figure 10.
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forcing parameter (bottom) time series for
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Figure 33. Intensity (top) and forcing parameter (bottom) time series for
the case of Typhoon Ellie.
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Figure 36. Intensity (top) and forcing parameter (bottom) time series for
the case of Typhoon Fred.
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Figure 51. Top panel shows intensity (curve B) versus time, as well as the
forcing (multiplied by 40) as computed with a 5 degree latitude averaging
radius (curve A). Bottom panel contains usual forcing time series for
Tropical Depression 15W. 1 04
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Figure 55. Intensity and forcing parameter time series for Tropical Storm
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Figure 60. Tracks of Typhoon Ivy and Tropical Storm Joel (x).
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Figure 61. Intensity and forcing parameter time series for Typhoon Ivy.
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Figure 66. Intensity and forcing parameter time series pertaining to
Tropical Storm Joel.
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Figure 71. Forcing time series for nondeveloper number 4.
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